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DBR and mode-locked Er/Yh waveguide
lasers offer single-frequency and

lass waveguide

lasers have an im-

portant niche in radio-

frequency (RF) and microwave
photonics, optical metrology, and telecom-
munications. This is primarily due to the compact size, low
noise, relatively high output powers, and long upper-state
lifetimes of these lasers. Waveguide lasers are also easily
integrated into optical-fiber-based systems.
Glass waveguide glass lasers share the same
active medium as the more common
erbium (Er)-doped fiber lasers (EDFLs) and
amplifiers (EDFAs), but, unlike fiber-based
devices, they are made with a thermally
stable phosphate glass that is doped with
much higher levels of Er. Waveguide lasers
owe their compact size to the high-dopant concentration of the
active rare-earth ions as well as low cavity loss. The
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ultralow jitter performance.
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concentration of rare-

earth ions, such as Er and
ytterbium (Yb), can be ten to 20
times higher in waveguide devices than

in fiber-based lasers and amplifiers. This allows

waveguide lasers and amplifiers to deliver higher output power
in a smaller package and at lower cost than fiber-based devices.
The compact, monolithic structure of waveguide lasers makes
them ideal for use in mobile platform
applications. Decreased cavity length in
waveguide devices improves stability over
fiber lasers by limiting the effects of
environmental noise and decreases the
need for isolation packaging. Waveguide
amplifiers leverage these advantages in the
metro telecommunications market, where
compact, low-cost amplifiers with low noise and modest power
(~10 dBm) are in demand. The shorter cavity length of
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waveguide lasers is also an
advantage in pulsed applications
since, unlike fiber lasers, there is
little or no need for dispersion
compensation.

Glass waveguide lasers also
compare favorably with semicon-
ductor lasers; the long upper-
state lifetime of the lasing
transition in Er is on the order of
milliseconds, which is much
longer than the nanosecond lifetime found in semiconductor
devices. This allows mode-locked waveguide lasers to operate
with low noise at nearly any repetition rate above 1 MHz, where-
as the gain stability in pulsed semiconductor lasers is perturbed
by repetition rates lower than 1 GHz. Relaxation oscillations in
semiconductor lasers occur at frequencies above 1 GHz, and
their noise effects are not easily mitigated without high-speed
control schemes. The lower frequency relaxation oscillations of
glass waveguide lasers (less than 500 kHz) are more manage-
able. The low intracavity loss and relatively high output powers
of the waveguide lasers lead to narrower linewidths than those
of standard distributed feedback (DFB) semiconductor lasers.
These same qualities enable ultralow jitter performance in pas-
sively mode-locked waveguide lasers. Waveguide lasers are easily
coupled to optical-fiber-based systems with low coupling loss;
this is an important advantage over bulk lasers, which are not
easily integrated into fiber-optic systems.

Photonics applications for waveguide laser technology are
numerous. Mode-locked waveguide lasers have applications in
high-speed lightwave communications and in optical sam-
pling systems for analog-to-digital (A-D) conversion of wide-
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1. An llustration of the thermal ion exchange process. Refractive index
features are formed when Na* ions in the Er/Yb codoped glass
exchange with K* ions in the melt.
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Low intracavity loss and high
output powers make both narrow-
linewidth and ultralow-jitter
waveguide lasers possible.

band RF signals that require
compact, low-jitter, pulsed
lasers. They also can be used to
optically distribute RF and
microwave clock signals with
high fidelity. Narrow-linewidth,
single-frequency waveguide
lasers have applications in
metrology, remote sensing, and
optical RF and microwave fre-
quency generation.

Optical Waveguide Fabrication in

Er/Yb Codoped Phosphate Glass
The trick to forming optical waveguides is to cause refractive
index changes in the substrate of the device that follow the pat-
tern for a channel waveguide. There are a number of different
methods to make these refractive index features and, thereby,
fabricate optical waveguides in rare-earth-doped materials for

(b)

2. (a) Refracted ray scan showing end-on view of channel waveguide
index contrast. From blue to red is a contrast of An = 0.008. (b) A near-
field scan showing end-on view of the fransmitted intensity through a
channel waveguide at 1.55 wm. The mode is 8 jum in the vertical
dimension and 16 um wide at the 1/e2 intensity level (white contour).
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laser and amplifier applications. In ion exchange, ions (e.g.,
Na™) within the substrate are exchanged for ions (e.g., K, Ag™")
contained in a salt melt (e.g., KNO3, AgNO,) [1]. The ion
exchange process is sometimes accelerated with the use of an
electrical potential across the glass in a field-assisted ion
exchange. Field-assisted ion exchange is useful in producing
buried waveguides. In laser photo-writing, a tightly focused laser
beam of high-peak power can change the refractive index in
doped and undoped silicate glass [2]-[4]. This method has been
used to “photo-write” waveguides and other refractive index fea-
tures. Rare-earth-doped film deposition is performed through a
variety of methods, including RF sputtering [5], [6], ion-implan-
tation [7], plasma-enhanced chemical vapor deposition [8],
flame hydrolysis [9], and sol-gel deposition [10]. This article will
focus solely on thermally assisted ion exchange as a fabrication
method for making optical waveguides.

Using the ion exchange method for fabricating optical waveg-
uide lasers and amplifiers places a number of important con-
straints on the material used for the device. The material must
contain species suitable for ion exchange (e.g., Na™). The substrate
must also be chemically durable to withstand the chemistry
employed (e.g., aluminum acid etching) during standard litho-
graphic processing for mask preparation and able to withstand the
high temperature (375 °C) associated with thermal ion exchange
processing. Obviously, the material must be doped with sufficient
levels of active, rare-earth elements to provide gain when pumped
by an external laser. The doping level of the rare-earth elements
should be as high as possible (avoiding the effects of high-concen-
tration quenching) to allow for the reduction of laser and amplifier
cavity lengths. I0G-1 phosphate glass from Schott Glass Technolo-
gies is the substrate that we use for making channel waveguides,
because I0G-1 meets all of these material requirements. (I0G-1
laser glass, Schott Glass Technologies, Inc., Duryea, Pennsylvania.
The I0G-1 trade name is used only to allow the reader to repro-
duce the experiment and does not imply endorsement by the
National Institute of Standards and Technology.) This laser glass
contains Na™, making it suitable for ion exchange, aluminum for
chemical durability, and a mixture of active (Er and Yb) and passive
(lanthanum) rare-earth elements to allow the active element dop-
ing concentration to be tailored without altering the base glass
composition. In a typical waveguide laser application the concen-
trations of Yb and Er are 4 x 102° ions/cm> and 1 x 102 jons/cm?,
respectively, yielding a 4:1 Yb-to-Er ratio. Yb is added as a sensitiz-
ing ion to enhance pump laser absorption; this effectively increases
the population inversion of the Er in the waveguide. In addition,
phosphate-based glass has been shown to be superior for waveg-
uide applications due to its thermal and mechanical stability [1].

Waveguide mask preparation starts with the deposition of a
metal layer (e.g., 200 nm thick aluminum or titanium) to
form an ion diffusion barrier. The diffusion mask is then
etched across the length of the substrate with standard litho-
graphic techniques. The channels in the mask that define the
planar waveguides are typically 3-8 um wide. The masked
glass plates are then loaded into a sealed crucible containing
potassium nitrate (KNO,) salt. The crucible is heated to
375 °C, and the masked glass plates are submerged in the

m20

molten salt for four hours. During this time, K* ions diffuse
into the glass and exchange with Na™ ions in the original
glass. This process is illustrated schematically in Figure 1.
After the thermal ion exchange is completed, the
glass plates are diced into pieces suitable for lasers (typical
length = 1.5-2.5 cm), the end faces of the waveguides are pol-
ished to optical quality, and the diffusion mask is removed by
an acid etch. The waveguide index and mode profile can then be
mapped with techniques, such as refracted ray near-field scan-
ning [11] [Figure 2(a)] or near-field imaging [Figure 2(b)]. The
refracted ray experiments measure a contrast in refractive index
of An=0.008 between the unexchanged substrate and the
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3. An FP waveguide laser schematic. This laser operates at 1,540 nm
when pumped by a 980-nm source.
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4. Er/Yb FP waveguide laser output power at 1,540 nm versus launched
pump power at 960 nm and 979 nm. Lasing threshold achieved with
45mW of coupled pump at 979 nm.
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waveguide. The near-field imaging provides information about
the mode profile of the waveguide. The waveguides formed with
mask channels up to 6 ©m wide tend to be single-mode at
1,540 nm after the four-hour ion exchange. The mode profile is
slightly elliptical, with typical dimensions of 6.5 um x 7.5 um
in the vertical and horizontal dimensions, respectively. The
waveguides will have a more circular, less elliptical mode pro-
file if they are buried into the glass substrate by means of a
field-assisted ion exchange. Burying the waveguides can pro-
vide other benefits as well (e.g., lowering loss of the waveguides
and lowering noise in mode-locked applications).

Fabry-Perot Laser Performance
Once a broadband 1,540-nm mirror is attached to each end of
the glass, the polished Er/Yb codoped waveguides easily form a
simple Fabry-Perot (FP) laser cavity (Figure 3). The mirrors
can be held fixed against the ends of the waveguides with index
matching oil between the mirror and waveguide faces. In a
typical experiment, one of the mirrors is a high reflector and
the other is a 20% output coupler. Typical waveguide cavity
lengths are 2-2.5 cm. The FP laser cavity is pumped either
with a tunable Ti:Sapphire or diode laser (A ~ 980 nm). The
pump light may be coupled into the waveguide with micro-
scope objectives. In this laser configuration, the waveguide
coupling efficiency of the pump laser light is typically 40-50%.
Waveguide lasers are also easily fiber-coupled for fiber-based
applications using standard fiber alignment and bonding pro-
cedures. These lasers have output power slope efficiencies
approaching 30% and output power up to 170 mW when a
20% output coupler is used [Figure 4(a)] [1]. The output of the
FP laser also exhibits multiple longitudinal modes. Without
the end mirrors these lasers make excellent amplifiers for

High Reflector
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5. A DBR waveguide laser. DBR grating is etched into the top surface of
the channel waveguide. Varying the width of the channels varies the
local index of the waveguide and, therefore, the single-frequency out-
put wavelength for each waveguide [see (1)].
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1.55-um telecommunications applications. Several companies
are currently utilizing this technology to build amplifiers with
small-signal gain as high as 24 dB and power saturation at
10 dBm [12], [13]. The subject of waveguide amplifiers is
beyond the scope of this article.

Single-Frequency Er/Yh Waveguide Lasers
Single-frequency glass waveguide lasers operating near
1,550 nm have a number of advantages over single-frequency
semiconductor lasers. The main advantage is narrower
linewidth. Semiconductor lasers are reliable, come in small
packages, provide high output power, and are relatively easy
to use; therefore, these lasers have historically been heavily
used in telecommunications applications. Unfortunately, the
spectral output of these lasers is broad (1-3 MHz), although it
may be narrowed to tens of kilohertz by adding the extra com-
plexity of an extended-cavity configuration [14], [15]. Fast
spontaneous emission events in semiconductors (nanosecond
timescale) drive the gain of the laser away from equilibrium,
which causes small changes in the local refractive index of the
medium and a concomitant broadening of the laser line [16].
This fact makes semiconductor lasers unsuitable for applica-
tions such as remote sensing and metrology, where a
linewidth less than 100 kHz is desirable.

The single-frequency waveguide distributed Bragg reflec-
tor (DBR) laser also outperforms fiber lasers. Most single-fre-
quency fiber lasers are able to achieve narrow linewidths less
than 100 kHz [17], [18]. However, the output power of these
lasers is typically less than 10 mW because the Er/Yb doping
level available in silica fiber limits the gain of the laser. A nar-
row linewidth less than 10 kHz has been demonstrated with a
fiber ring laser, but the maximum output power was only 1.3
mW [17], [18]. Also, fiber ring lasers can be difficult to use
and lack reliability for many industrial applications. Waveg-
uide lasers have a distinct advantage over fiber lasers in that
they have much higher dopant concentrations of Er and Yb
and, therefore, have higher gain in a much more compact
package. As we shall see, this provides much higher output
power without sacrificing narrow linewidth.

The multimode FP laser can be made into a
single-frequency laser when a DBR is etched into the top sur-
face of one end of the waveguide (Figure 5 ). The DBR acts as
the output coupler of the laser, and the period of the DBR grat-
ing determines the frequency of the laser oscillation. The grat-
ing pattern is made using holographic exposure of a thin layer
(500 nm) of photoresist. The period (A) of the DBR is tailored
to the desired laser output wavelength (1) during the holo-
graphic exposure using the exposure angle (6 exp), and by con-
sidering the local effective index (V) of the waveguide mode

and holographic exposure wavelength (A exp) according to:

A A
= = g M
2Neit  212irSINOey,
where n,;, is the index of air. Once the photoresist is devel-
oped, the grating pattern is transferred into the glass surface

of the waveguide by Ar™ ion etching. Channel waveguides
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with different widths will have a slightly different local index tion of a high-reflectivity mirror. Such lasers have demonstrat-
(N.g), and will, therefore, oscillate at slightly different wave- ed output powers of 20 mW when pumped by modest 980-nm

lengths for a given DBR period. This is a convenient way to diode lasers and reach threshold with 45 mW of coupled pump
obtain multiple wavelengths from a single glass chip.

power [1]. The typical slope efficiency for these DBR waveg-

The DBR waveguide can be made into a laser with the addi- uide lasers is 20%. Output power approaching 100 mW can be
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6. (a) The delayed self-heterodyne beat-note frequency spectrum for a typical DBR waveguide laser. The fiber delays are 10 and 27 km, and the AOM
frequency shift is 40 MHz. (b) A spectrum of two DBR waveguide lasers and their heterodyne beat-note (inset) formed by mixing their output on a
fast photo-detector. The beat-note tuning range is dc—-100 GHz with temperature tuning of one of the DBR lasers.

m22

IEEE CIRCUITS & DEVICES MAGAZINE = SEPTEMBER 2003



obtained from these lasers with higher coupled pump power
near 500 mW [1]. This is still below the saturation level for the
dopant concentration in the waveguide. It is possible to mea-
sure the reflectivity of the etched DBR grating with the analy-
sis of Rigrod [19]. These devices typically have a grating
reflectivity of 65-70%. This parameter can be tailored to maxi-
mize the output power for other dopant species by changing
the length or etch depth of the grating.

The linewidth of the laser can be measured with a standard
delayed self-heterodyne technique [20]. Part of the output of the
laser is frequency shifted with an acousto-optic modulator
(AOM). After a fiber delay, the frequency-shifted light is recom-
bined with the original light from the laser to produce a beat-
note at the AOM operating frequency. As long as the fiber delay
is longer than the coherence time of the laser, the frequency
width of the obtained beat-note will give an accurate measure-
ment of the linewidth of the laser. A typical delayed self-hetero-
dyne spectrum is shown in Figure 6(a) for two fiber delays and
an AOM frequency of 40 MHz. The frequency power spectrum
obtained with a 10-km delay shows oscillations due to phase
coherence between the frequency shifted light and the delayed
light from the laser. These oscillations indicate that the
linewidth of the laser is below the theoretical resolution of this
delay (AViheoreticat = 6.4 kHz). The period of the oscillations is
equal to the inverse of the fiber delay time [21], [22]. The spec-
trum obtained with a 27-km delay has a Gaussian lineshape with
a width of 12.3 kHz[Av = full width at half maximum
(FWHM)/+/2]. A Lorentzian lineshape is expected for the fre-
quency power spectrum of the laser. This is because the fluctua-
tions in the optical field should be due to spontaneous-emission
events in the laser. The Gaussian lineshape in the power spec-
trum for the 27-km delay length indicates that the beat-note is
broadened by the effect of 1/f noise in the detection system [23].
The use of a longer fiber delay allows the lower frequencies in
the noise spectrum of the laser and detection system to have an
impact on the width of the beat-note obtained in the measure-
ment. Therefore, this analysis sets an upper bound on the
linewidth of the laser at 6.4 kHz, the theoretical resolution of
the 10-km delay. The results of these experiments show that the
linewidth of this simple, monolithic DBR waveguide laser is
comparable to that obtained with complex fiber ring lasers and a
factor of 100 less than standard semiconductor lasers.

It is important that single-frequency lasers be tunable for
many industrial applications. The frequency spacing is 50
GHz (0.39 nm) in the 81-channel International Telecommu-
nications Union (ITU) grid in the C-band. The ability to tune
between lines in the ITU grid is a valuable property for a laser
used in wavelength division muliplexed (WDM). Temperature
tuning the monolithic waveguide DBR laser has shown a tun-
ing range of 0.8 nm [1]. Strain tuning may provide more tun-
ing range. The C-band in DWDM covers 1,528-1,561 nm. An
Er/Yb codoped waveguide laser with tunable external cavity
grating can tune 40 nm from 1,525-1,565 nm [1]. Other
telecommunications wavelengths can be covered by changing
the active rare-earth element in the glass.

Single-frequency lasers, when tunable, can also be used to
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generate optical RF and microwave signals of arbitrary frequen-
cy. This is done with the optical heterodyne technique by using
two lasers with a frequency difference equal to that of the RF or
microwave signal desired [Figure 6(b)]. Tuning the relative sepa-
ration of two 1,540-nm lasers from 0-0.8 nm yields an electrical
signal range of dc to 100 GHz. A number of companies currently
sell turnkey, diode laser versions of this device. This technology
is raising interest for all optical RF and microwave signal genera-
tion, distribution, and processing, and also wide-bandwidth
detector characterization. The linewidth of the beat-note gener-
ated from this technique (and, consequently, the resolution of
the electrical signal) is only as narrow as the linewidth of the
laser sources used. Therefore, narrow linewidth sources are
important if precise RF and microwave signals are desired.

Passively Mode-Locked Waveguide Lasers
High-data-rate communications systems and high-speed pho-
tonic digital-to-analog conversion can benefit greatly from a
compact source of short optical pulses with low noise and
little chirp [24], [25]. Mode-locked waveguide lasers can pro-
vide low-jitter picosecond pulses at repetition rates exceeding
1 GHz. It is important to note that these high repetition rates
are achieved with mode locking at the fundamental round-
trip frequency of the laser cavity (fundamental mode locking).
Fiber lasers must be meters long to achieve the gains possible
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7. The structure of a semiconductor saturable absorber mirror
(SESAM). The SESAM consists of low-temperature-grown (LT) InGaAs
quantum wells on top of alternating AlAs and GaAs quarter-wave
mirror layers.

2m



in a waveguide laser of a few centimeters in length. To achieve
gigahertz repetition rates, fiber lasers are mode-locked at
some higher harmonic of the laser cavity’s fundamental
round-trip frequency (harmonic-mode locking). Multiple
pulses circulate within a harmonically mode-locked laser, and
these pulses can generate super-mode or pattern noise prob-

lems [26]. This pattern noise is avoided in fundamentally
mode-locked waveguide lasers. Passively mode locking waveg-
uide lasers offer advantages in simplicity and reduced intra-
cavity loss (or higher cavity Q). No high-speed active
modulator, with its associated insertion loss, is required to
mode lock the laser. Instead, a nonlinear element is placed at
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8. (a) The schematic of a mode-locked waveguide laser in an extended cavity configuration including active cavity
circuitry: BS = beam splitter, OC = output coupler, PZT = piezo-electric transducer, LD = laser diode, SESAM =
semiconductor saturable absorber mirror. (b) Mode-locked laser active cavity control circuitry with high-speed loop
highlighted in red: V) = bias voltage, RF = radio frequency from mode-locked pulse train, LO = local crystal oscillator, IF =
intermediate frequency, LPF = low-pass filter, PZT = piezo-electric transducer, VCCS = voltage-controlled current source.
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of the end mirrors is replaced with a SESAM
(Figure 7). Low-temperature-grown semicon-
ductor quantum wells in the upper layers of the
SESAM serve as a saturable absorber. Pulses
that bleach these quantum well layers are
reflected with low loss by a Bragg mirror stack
that completes the SESAM structure. The com-
position of the semiconductor quantum wells is
tailored for the wavelength of the mode-locked
laser. For a lasing wavelength near 1,550 nm,
low-temperature-grown InGaAs or InP are the
materials of choice for quantum wells.
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) A typical extended cavity waveguide laser in
a passively mode-locked configuration is
shown in Figure 8(a), and a feedback circuit for
cavity-length control is shown in Figure 8(b).
During mode-locked operation, this laser pro-
duces average power of 4.5 mW, with 180 mW
of coupled pump power at 977 nm from two
wavelength-multiplexed laser diodes [28]. Aver-
age output power of 20 mW is observed when
pumped with a pump laser system having high-
er power [29]. The mode-locked pulse train is
shown in Figure 9(a) for a repetition rate of
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984.8 MHz. Repetition rates exceeding 1 GHz
have been observed with this system. The laser
produces 6-ps pulses (Gaussian shape autocor-
relation FWHM = 8.5 ps) with a bandwidth of
0.65 nm centered at 1,533.5 nm without any
compensation for the cavity dispersion. The
presence of a slight pulse chirp is indicated by
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X the time-bandwidth product AvAt=0.5.
Pulsewidths as low as 4.1 ps FWHM with 1.5 nm
of bandwidth (AvAt = 0.58) are shown in Fig-
ure 9(b) using beryllium-doped, low-tempera-

9. (a) The pulse train for mode-locked operation at repetition rate of 984.8 MHz. (b) Auto-
correlation and bandwidth (inset) of laser pulses. The time-bandwidth product is 0.58 for

these data when a Be-doped SESAM is used.

one end of the laser cavity to favor the formation of intense
pulses [27]. In our case, the nonlinear element is a semicon-
ductor saturable absorber mirror (SESAM) whose reflectivity
increases with incident light intensity. This encourages the
formation of mode-locked pulses from the initial intensity
noise that exists within the laser cavity. In addition, passively
mode-locked lasers can be actively phase locked to a stable
electronic reference oscillator for applications similar to those
mentioned above where an external clock is often provided.

The Mode-Locked
Laser Setup
The heart of the passively mode-locked waveguide laser is the
same high-gain Er/Yb codoped waveguide device described
above for the FP laser. However, for the mode-locked laser, one
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ture-grown InGaAs quantum wells in the
SESAM (28], [30]. This quantum well material
has a faster saturation recovery time.

Jitter Control

Mode-locked lasers can produce pulse trains
with extremely regular pulse intervals or low pulse-to-pulse
timing jitter. Lower intra-cavity loss (or higher cavity Q) is
advantageous here, for it enables increased photon lifetimes,
less need for laser gain [thus, less amplified-spontaneous-emis-
sion (ASE) noise], and, ultimately, lower timing jitter. Low-jit-
ter sources improve the performance of high-data-rate
communications systems by improving bit-error rates due to
data pulses leaving their temporal bit slots. They can also
reduce timing errors in A-D conversion systems, thus improv-
ing signal-to-noise ratios. As mentioned above, a passively
mode-locked laser has no (lossy) active modulator driven by an
external clock, however, the laser’s repetition rate can still be
referenced to a system clock. This is accomplished by referenc-
ing the cavity’s repetition frequency to an external oscillator
through active cavity-length control [31], [32]. Fortunately,
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many of the environmental noise sources that affect laser cavity
length (thus changing pulse-to-pulse timing jitter) occur at rel-
atively low frequencies (less than 10 kHz) and can be removed
with a feedback loop that has a modest frequency response.
Furthermore, unlike semiconductor lasers, the relaxation oscil-
lations for these lasers occur at frequencies below 500 kHz,
thus, the additional noise from these oscillations can also be
removed with a readily achievable feedback control loop. Figure
8(b) shows the feedback circuit used to accomplish cavity-
length control. A double balanced mixer serves as a phase
detector that produces an error signal proportional to the phase
difference of signals from the mode-locked laser and a reference
oscillator. The filtered and amplified error signal changes the
cavity length of the laser by changing the voltage across a
piezo-electric transducer (PZT) that moves the SESAM at one
end of the cavity. A phase lock is achieved when the phase dif-
ference between the mode-locked laser and the reference oscil-
lator (thus, the frequency difference) is zero. The performance
of such a lock can be determined by measuring the single-side-
band (SSB) phase noise of the mode-locked laser with and with-
out lock. Figure 10 shows the SSB phase noise for a waveguide
laser fundamentally mode-locked at 472 MHz with and without
lock to a reference oscillator. These phase-noise measurements
were made with the phase-detector method [33]. Root-mean-
square (rms) timing jitter 7j ,ms, given the laser repetition fre-
quency f, is calculated for the Fouier or offset frequency range
of interest /i, to fmax Over the SSB phase noise £ per [33]:

1
27 fr

For this laser, the rms jitter is more than 1.8 ps (100 Hz-10
MHz) without lock and 83 fs (100 Hz—10 MHz) with lock.
Phase noise at higher offset frequencies (up to ~1 MHz) can be

()

Tj, rms —

removed with the addition of a faster feedback loop that modu-
lates pump power through control of the laser diode pump
current [see red highlight in Figure 8(b)]. Modulation of the
pump power enables modulation of the laser’s optical length
through pump-induced changes in atomic dispersion [34].
This technique reduced timing jitter in an extended-cavity
waveguide laser having a 750 MHz repetition rate to 14.4 fs
over a complete offset frequency range of 10 Hz to 375 MHz,
the Nyquist frequency of this source [35]. Such ultralow jitter
performance shows great promise for applications in high-bit-
rate optical time-domain communications, photonic A-D con-
version, and optical clock distribution. In addition, shorter
monolithic lasers are possible with SESAMs directly butted to
the waveguide end faces. These designs should prove both
compact and robust to environmental noise and be particularly
well suited for integration into both mobile and fixed optical-
fiber-based systems.

Conclusion
Glass waveguide lasers will fill an important niche as optical
sources in communication, RF photonics, and optical metrolo-
gy. This is primarily because waveguide lasers benefit from com-
pact size, low noise, relatively high output powers, long
upper-state lifetimes, and simple integration with optical-fiber-
based systems. Although we do not expect waveguide lasers and
amplifiers to ever supplant fiber and semiconductor lasers and
amplifiers in every possible communications application, waveg-
uide lasers have a number of advantages over traditional lasers
for these uses. Single-frequency waveguide lasers provide nar-
row linewidth and high output power in a compact, monolithic
package. The narrow linewidth is an important advantage over
standard semiconductor lasers, and the compact size makes sin-
gle-frequency waveguide lasers better suited than fiber lasers or
extended-cavity semiconductor lasers for many

—60 7 Without Lock, Tj rus = 1.8 ps
~70 -
80 1
~90 1

—100

With LOCk, Tj RMS = 83 fs

L,

-

o
Il

—120

SSB Phase Noise (dBc/Hz)

applications. Mode-locked waveguide lasers
provide short pulses with ultralow jitter and
high average power. The effects of super-mode
and pattern noise found in harmonically mode-
locked fiber lasers are avoided with fundamen-
tally mode-locked waveguide lasers. The long
upper-state lifetime of the Er/Yb lasing transi-
tion allows mode-locked waveguide lasers to
operate at repetition rates unavailable in mode-
locked semiconductor lasers. Finally, waveg-
uide lasers are easily integrated into
optical-fiber-based systems, which is an impor-
tant advantage over bulk lasers.
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